The formation of a lumen in three-dimensional mammary epithelial acinar structures in vitro involves selective apoptosis of centrally localized cells that lack matrix attachment. Similarly, apoptosis is induced by forced detachment of mammary epithelial cells from matrix, a process referred to as anoikis. Through microarray analysis, we found that mRNA levels of the proapoptotic BH3-only protein Bmf are up-regulated during both anoikis and acinar morphogenesis. Importantly, down-regulation of Bmf expression by small interfering RNAs is sufficient to prevent anoikis and acinar cell death and promote anchorage-independent growth to a similar extent as down-regulation of another BH3-only protein, Bim, which was previously shown to be required for these processes. 
The formation of a lumen in three-dimensional mammary epithelial acinar structures in vitro involves selective apoptosis of centrally localized cells that lack matrix attachment. Similarly, apoptosis is induced by forced detachment of mammary epithelial cells from matrix, a process referred to as anoikis. Through microarray analysis, we found that mRNA levels of the proapoptotic BH3-only protein Bmf are up-regulated during both anoikis and acinar morphogenesis. Importantly, down-regulation of Bmf expression by small interfering RNAs is sufficient to prevent anoikis and acinar cell death and promote anchorage-independent growth to a similar extent as down-regulation of another BH3-only protein, Bim, which was previously shown to be required for these processes. Knockdown of the BH3-only proteins Bad or Bid does not suppress anoikis or luminal apoptosis or promote anchorage-independent growth, but protects from other defined apoptotic stimuli, indicating specificity of BH3-only function. Bmf mRNA is significantly up-regulated upon loss of matrix attachment or disruption of the actin cytoskeleton, but not in response to several other stresses. Interestingly, constitutive activation of the Mek/Erk or phosphatidylinositol 3-kinase/Akt pathways suppresses the transcriptional up-regulation of Bmf during anoikis. Thus, Bmf is a central mediator of anoikis in mammary cells and a target of oncogenes that contribute to the progression of glandular epithelial tumors. Finally, Bmf is expressed during involution of the mouse mammary gland, suggesting that Bmf may also critically contribute to developmental processes in vivo.
apoptosis ͉ breast ͉ cancer ͉ extracellular matrix W ithin a multicellular organism, the balance of cell proliferation and programmed cell death, in particular apoptosis, contributes to the control of cell numbers at defined locations and also plays an important role in maintaining tissue homeostasis (1) . Alteration of cell death regulation can result in inappropriate survival and, ultimately, disease. Survival of epithelial cells depends on adhesion to extracellular matrix (ECM) and is controlled through coordinated integrin and growth factor signaling (2) . Upon deprivation of ECM attachment, normal epithelial cells undergo a specific form of cell death termed ''anoikis'' (3) . Apoptosis has also been reported to be required for clearing of terminal end buds and ducts during pubertal development and involution of the mammary gland (4, 5) and, more generally, is implicated in the cavitation process of 3D structures (6, 7) . Filling of luminal space of glandular structures is an often observed, yet still poorly understood, hallmark of early tumorigenesis. Apoptosis of matrix-deprived cells that proliferate in the lumen of glandular structures may thus serve as an initial barrier of epithelial tumor formation and progression (8) . It is therefore important to identify the molecular targets and mechanisms implicated in anoikis and to understand how oncogenes target the molecules critical for apoptosis.
The Bcl-2 family of proteins comprises antiapoptotic (such as Bcl-2 or Bcl-xL) and proapoptotic members that function coordinately to control caspase-dependent death within a cell. The proapoptotic members of the family fall into two categories: multidomain Bax-like molecules (such as Bax or Bak) and BH3-only proteins (such as Bad, Bid, Bik, Bim, Bmf, Hrk, Noxa, and Puma), which contain a single BH3 (Bcl-2 homology 3) domain and function as sensors or sentinels in response to cell damage signals. Members of this family are regulated at several different levels, such as (transcriptional) control of expression or posttranslational modification(s). BH3-only proteins antagonize the function of antiapoptotic proteins, and some members may additionally promote activity of Bax-like multidomain proteins (9, 10) . In light of the complex regulation of BH3-only proteins (11) , further knowledge on functional BH3-only specificity in response to defined apoptotic stimuli is required.
The BH3-only factor Bmf was originally identified as an actin cytoskeleton-associated member of the BH3-only family and proposed to function in anoikis based on its relocalization to mitochondria upon matrix detachment (12) . However, it remains to be determined whether Bmf indeed plays a functional role in anoikis. More recently, Bmf has been functionally implicated in the apoptotic response to histone deacetylase (HDAC) inhibitors and TGF-␤ treatment (13, 14) .
Immortalized, nontransformed MCF-10A human mammary epithelial cells undergo anoikis when detached from matrix and also form acinus-like structures through a series of morphogenetic events when cultured on reconstituted basement membrane (15) . Previous studies from our laboratory have demonstrated a functional role for the BH3-only protein Bim in MCF-10A anoikis and lumen formation (16, 17) . In addition, we have recently found that Bim is required for apoptotic processes involved in lumen formation during pubertal expansion of the mammary gland (5) , validating the use of the MCF-10A system to model in vivo processes associated with matrix detachment (18) .
Here we address questions relating to the specificity and functional activities of BH3-only proteins by using small interfering (si) RNAs to knock down selected BH3-only factors. We find that functional loss of Bmf, but not of Bad or Bid, is sufficient to confer protection from cell death both in MCF-10A anoikis and 3D morphogenesis. Moreover, we show that expres-sion of Bmf is controlled downstream of matrix attachment and oncogenic pathways. Our findings also point to a function for Bmf as an epithelial tumor suppressor and a potential mediator in mammary gland involution. Taken together, our report contributes to the knowledge of how cell death, induced by the BH3-only protein Bmf, may be regulated in development and targeted in oncogenesis.
Results

Up-Regulation of Bmf During Anoikis and Acinar Morphogenesis.
To identify common regulators of apoptotic events associated with both anoikis and lumen formation during mammary morphogenesis in vitro, we analyzed mRNA expression by using cDNA microarrays. RNA was isolated from MCF-10A cells in 3D culture on reconstituted basement membrane and from proliferating or confluent monolayers, as well as cells detached from matrix. Detailed description and analysis of microarray data will be reported elsewhere (T.S., N.L.S., E.S.L., O.P.V. and J.S.B., data not shown). To specifically identify genes that may regulate the apoptotic program during anoikis and morphogenesis, but are not primarily affected by the cell cycle, we selected genes that are up-regulated in suspension and morphogenesis, but are unaffected or down-regulated in contact-inhibited cells [supporting information (SI) Fig. 5 A and B] . Candidates in the cell death gene ontology category included two proapoptotic BH3-only family members, namely Bmf (Bcl-2-modifying factor) and Bim (Bcl2L11), as well as the Forkhead transcription factor FOXO3A and the small GTPase RhoB (Fig. 1A and SI Fig. 5C  Top) . Given the potential of one of the identified candidates, Bmf, in anoikis regulation (12) and its homology to the previously reported mediator, Bim (16, 17), we focused on characterizing its functional role(s) and transcriptional regulation in subsequent studies.
To validate the Bmf expression pattern observed in the microarrays, RT-PCR analysis was performed on RNA samples derived from attached or suspended cells, as well as acinar structures, confirming significant transcriptional up-regulation of Bmf in anoikis and morphogenesis (Fig. 1B) .
To further investigate whether transcriptional up-regulation of Bmf upon matrix detachment is a general feature of epithelial cells, RNA samples from several other human epithelial cell lines (mammary: MCF-10Ϫ2A, MCF-12A, HMECtert; prostate: PWR-1E) were analyzed for Bmf expression. In all examined lines, Bmf expression was up-regulated upon matrix detachment (Fig. 1C) , indicating that transcriptional control through adhesion is likely to function as a general regulatory mechanism for Bmf expression in epithelial cells. To examine the functional role of Bmf in anoikis and luminal cell death, and more broadly the potential contribution of other BH3-only factors (in particular, Bad, Bid, and, as a reference control, Bim), stable cell lines expressing retro-and lentiviral small hairpin (sh) RNAs were generated in the MCF-10A background.
Knockdown of endogenous BH3-only proteins by shRNA vectors (or synthetic siRNA SMARTpools) was demonstrated by immunoblotting analysis (SI Fig. 6 A-C). We were unable to monitor Bmf protein knockdown because all commercially available antibodies failed to reliably detect Bmf protein in MCF-10A cells. However, the efficacy of the Bmf shRNA vector and siRNA duplexes in down-regulating Bmf protein was confirmed in cells expressing a 3x-FLAG-tagged variant of human Bmf (SI Fig. 6D ). In addition, we found that knockdowns were highly specific for each BH3-only protein, e.g., knockdown of Bmf did not reduce the levels of Bim (data not shown).
To investigate the role of the above BH3-only proteins in apoptosis upon detachment from matrix, we examined the extent of DNA fragmentation in cells expressing shRNAs targeting Bim, Bmf, Bad, and Bid, as well as cells expressing Bcl-2 as an antiapoptotic control. Knockdown of either Bmf or Bim [as shown previously for Bim by using synthetic siRNA (17) ] inhibited cell death in suspension ( Fig. 2A) . Inhibition of apoptosis in suspended cells by the knockdown of Bmf was also confirmed by immunofluorescent detection of cleaved caspase-3 (control: 18 Ϯ 5%, shBmf: 6 Ϯ 1% at 40 h in suspension; data not shown). Knockdown of either Bad or Bid did not prevent DNA fragmentation in suspended cells (Fig. 2 A) .
Additional independent shRNA vectors for Bim and Bad induced effects similar to those described above (data not shown). Also, shRNA effects were reproduced in experiments by using transient transfection of siRNA SMARTpools targeting Bmf and Bid (SI Fig. 7A ). These control experiments support the conclusion that the observed phenotypes were not due to off-target effects.
To examine the functional role of Bmf, Bad, and Bid in luminal cell death of acini-like structures in 3D, knockdown cell lines were cultured on exogenous basement membrane, and cell death was investigated over the time course of culture. Individual knockdown of Bmf (or Bim, as shown in ref. 16 ) significantly prevented apoptosis as assayed by ethidiumbromide (EtBr) staining (Fig. 2B Left) or activation of caspase-3 (control: 48 Ϯ 8%, shBmf: 20 Ϯ 6% at day 8 in morphogenesis) (Fig. 2B Right) . Again, knockdown of Bad or Bid did not suppress luminal cell death (Fig. 2B Left) .
In summary, our data demonstrate that individual reduction of Bmf (or Bim) levels specifically inhibits cell death during MCF-10A anoikis and acinar morphogenesis, whereas reduction of other BH3-only proteins, namely Bad and Bid, does not. 
Validation of Bad and Bid Knockdowns and Functional Rescue of Bmf
Knockdown. To confirm that the knockdowns of Bad and Bid are sufficient to confer apoptotic protection in MCF-10A cells, we analyzed the response of the BH3-only knockdown lines to a series of diverse cell death stimuli. Treatment with activating anti-Fas antibody (FasAb) or staurosporine (STS) triggered apoptosis in control cells, whereas cells overexpressing Bcl-2 were largely protected against both stimuli. Interestingly, only cells with Bid knockdown were significantly and specifically protected against FasAb-induced apoptosis, whereas only cells with Bad knockdown exhibited partial, but significant, protection against STS-induced cell death ( Fig. 2C , P Ͻ 0.001 by t test). These results validate the biological functionality of the Bid and Bad knockdowns and suggest that the inability of these shRNAs to protect in anoikis and morphogenesis reflects an absence of a functional role of Bid and Bad in these processes, rather than a failure to protect from apoptotic stimuli.
To further examine specificity of the Bmf shRNA vector, we conducted functional rescue experiments with cells expressing different combinations of Bmf cDNA and shRNA vectors. Cells overexpressing Bmf were sensitized to apoptosis upon matrix detachment (SI Fig. 7B Upper) , indicating that Bmf is an important contributor to anoikis. Whereas human Bmf, even when overexpressed, was still targeted by the Bmf shRNA vector, shRNA-resistant mouse Bmf (three mismatches within 19 nucleotide human targeting sequence; SI Fig. 7B Lower) was capable of completely reverting the protection provided by the shBmf vector in suspension (SI Fig. 7B Upper) . Interestingly, knockdown of Bim in cells overexpressing human or mouse Bmf was still capable of at least partially suppressing anoikis (SI Fig.  7B Upper) . These results further confirm that our findings with the Bmf shRNA vector are specifically related to Bmf, and not a consequence of nonspecific, i.e., off-target, effects. (Fig. 3A) . Therefore, cell-matrix adhesion by integrin signaling represents one of the main inputs controlling Bmf mRNA expression.
Transcriptional Regulation of Bmf Expression. Quantitative realtime RT-PCR analysis confirmed induction of
To further investigate the transcriptional regulation of Bmf, we examined expression of Bmf mRNA under a variety of different culture conditions (Fig. 3B) . Serum withdrawal or treatment with the apoptotic stimuli STS or UV irradiation did not result in detectable induction of Bmf levels. Withdrawal of EGF caused an induction of Bmf compared with control cells growing in full media. Finally, inhibition of actin polymerization by treatment of attached cells with Latrunculin A induced significant up-regulation of Bmf levels (Fig. 3B) . In summary, disruption of the actin microfilaments or, to a lesser extent, EGF withdrawal elicited induction of Bmf in attached cells to a similar extent as that detected in suspended cells lacking integrin engagement. Thus, expression of Bmf mRNA appears to be regulated downstream of a program linked to actin cytoskeleton integrity.
To examine the signaling requirements for Bmf induction, we monitored expression of Bmf mRNA in a variety of transformed MCF-10A lines. Ectopic expression of either an activated, oncogenic allele of Ras (RAS V12 ) or NeuN (HER2/ErbB2) resulted in significant suppression of Bmf induction upon matrix detachment when compared with vector control cells (Fig. 3C) , in good correlation with suppression of anoikis (SI Fig. 8 ). Given the contribution of Mek/Erk and phosphatidylinositol 3-kinase (PI3K)/Akt branches downstream of integrins and growth factor receptors in MCF-10A survival signaling (17, 19) , we concentrated on these two signaling branches to probe their contribution to transcriptional regulation of Bmf. Therefore, we investigated effects of either specific activation of the Erk signaling branch by a constitutively active form of Mek2 (MEK2 DD ) or the Akt signaling branch by an activated, oncogenic mutant of the p110␣ catalytic subunit of PI3K (PI3K E545K ), or by activated, myristoylated Akt1 (myr-Akt1) on Bmf expression upon matrix detachment. Effects on Bmf induction in suspension again paralleled the suppression of DNA fragmentation (SI Fig. 8) , with MEK2 DD and myr-Akt1 cells significantly reducing the level of Bmf induction during anoikis and PI3K E545K cells suppressing, albeit to a smaller extent, up-regulation of Bmf (Fig. 3C) . Taken together, oncogenic transformation by RAS V12 or NeuN, or activation of either the Erk or Akt signaling pathways, is sufficient to suppress up-regulation of Bmf in suspension. Our findings thus place the transcriptional regulation of Bmf under the control of two major pathways known to contribute to epithelial tumorigenesis when deregulated. pathways and the functional role of Bmf in cell death processes relevant to oncogenesis, we examined whether reduction of BH3-only proteins is sufficient to confer anchorage-independent growth potential to MCF-10A cells. Retroviral vectors encoding either Bim, Bmf, Bad, or Bid shRNAs or Bcl-2 cDNA were transduced into cells expressing a proliferative oncogene, HPV16 E7 (20) , and assayed for colony formation in soft agar. Whereas E7-expressing cells infected with vector control formed few colonies (typically Ͻ50), E7 cells overexpressing Bcl-2 gave rise to 20-to 30-fold more colonies (Fig. 4A) . Interestingly, down-regulation of Bmf or Bim strongly enhanced colony formation of E7 cells (15-to 20-fold) (Fig.  4A) . No colony formation was detected for MCF-10A wild-type or Bcl-2 cells or for cells with knockdown of Bmf or Bim alone, respectively (data not shown). Remarkably, E7 cells with reduced expression of Bad or Bid only gave rise to a few colonies in soft agar (Fig. 4A) , paralleling our findings for BH3-only specificity in anoikis and lumen formation. Functionality of Bad and Bid knockdowns in the E7 background was validated by protection from STS or FasAb-induced apoptosis, respectively (data not shown).
These findings indicate that Bmf and Bim contribute substantially to the suppression of inappropriate epithelial survival, and their absence, in required combination with deregulated proliferation (21), promotes anchorage-independent growth, one of the strongest predictors of in vivo tumor formation.
Expression of Bmf During Mammary Gland Involution. Based on our results elucidating the functional role and transcriptional regulation of Bmf in mammary epithelial cells in vitro, we also examined the expression of Bmf in the mammary gland in vivo. Tissues for this analysis were derived from the two major phases with pronounced apoptotic activity during mouse mammary gland development: pubertal expansion (weeks 4-8), with apoptotic clearing of cells in the presumptive lumen of terminal end buds; and early stages (days 1-3) of involution following weaning, with clearing of secretory epithelial cells from the lumena of ducts and acini before stromal remodeling.
Bmf expression was not detected by in situ hybridization in terminal end buds at week 5 of pubertal development (data not shown). However, a specific population of cells within the clearing ducts and acini of the involuting mammary gland scored positive for Bmf expression (Fig. 4B Upper) . These cells were characterized by fragmented nuclear morphology and activation of caspase-3 (Fig. 4B Lower) , and can thus be considered to form part of a population of apoptotic epithelial cells. Controls performed with a correspondingly labeled sense probe for Bmf only resulted in very weak or nonspecific signal accumulation (data not shown). Thus, Bmf expression may also function as an important determinant of cell death during mammary gland involution, consistent with a functional role of Bmf in the context of matrix detachment and lumen formation identified by our in vitro studies.
Discussion
Regulation of epithelial cell death and survival by ECM interactions is tightly controlled to ensure appropriate clearance of detached cells. In this report, we identify a functional role for the proapoptotic BH3-only factor Bmf in mammary epithelial anoikis and in vitro lumen formation during acinar morphogenesis. Moreover, our study has uncovered a hitherto unknown, matrix-mediated transcriptional regulation of Bmf expression that is controlled through the Erk and Akt pathways. Finally, our data also suggest potential roles for Bmf as an epithelial tumor suppressor and a physiological mediator of apoptosis in the mammary gland.
The BH3-only proapoptotic protein family comprises several different members, suggesting that they may either function specifically/individually downstream of defined stimuli or, alternatively, in conjunction (e.g., as a ''pool'') to control the apoptotic balance within a cell. Our data indicate that specific BH3-only proteins, namely Bim and Bmf, but not others, such as Bad or Bid, are functionally required for apoptosis during anoikis and morphogenesis. These findings are consistent with both a model requiring a functional ''activator'' (Bim)/ ''sensitizer'' (Bmf) BH3-only pair to elicit apoptosis (10) and a model in which a threshold of distinct BH3-only proteins (e.g., Bmf and Bim) antagonizes prosurvival molecules (9) .
Unexpectedly, reduction in Bad or Bid led to a significant (P Ͻ 0.001 by t test) increase in DNA fragmentation at early time points in suspension ( Fig. 2 A) ; the molecular basis for this response is currently unknown. However, BH3-only proteins may also perform BH3-independent functions, such as Bid in DNA-damage response (22) , or integrate distinct cellular processes with apoptosis, as reported for Bad in glucose metabolism (23) . Therefore, down-regulation of individual BH3-only factors may also impinge indirectly on cell death readouts.
Several recent studies have reported the common involvement of the cytoskeletally regulated BH3-only factors Bim and Bmf in specific cell death processes. In particular, both Bim and Bmf are transcriptionally induced upon HDAC inhibitor treatment in diverse cancer cell lines (13) and also in response to TGF-␤, via SMAD4/p38 MAPK (14) . It is interesting to note that in some models individual down-regulation of either Bmf or Bim is sufficient to confer protection from cell death, e.g., of Bmf (but not Bim) for HDAC inhibitors (13) and of Bim (but not Bmf) for TGF-␤ (24) . In other models, only the combined knockdown of Bmf and Bim significantly suppresses apoptosis in a cooperative way (14) . In the MCF-10A model system, individual downregulation of either BH3-only protein, Bmf or Bim, confers similar protection from apoptosis induced by loss of matrix adhesion. Possible reasons for these apparently discrepant requirements among various systems may include differences in cell death kinetics, tissue/cell type, or expression of antiapoptotic members of the Bcl-2 protein family. Similarly, some of these differences may also account for divergent results obtained in other models, such as the proposed involvement of Bad (25) or Bid (26) in anoikis. A recent report has suggested the functional involvement of individual BH3-only proteins, namely Bim and Bad, but not Bid, in neonatal hypoxia-ischemia (27) . This finding is reminiscent of our observations in the MCF-10A model, in which the individual deficiency of Bmf or Bim, but not Bad or Bid, inhibits anoikis and lumen formation.
Bmf appears to be coregulated at the transcriptional and posttranslational levels in response to several stimuli, such as anoikis (12) or TGF-␤ treatment (14) . In agreement with previous studies (12) , our results also suggest that posttranslational regulation may contribute to Bmf activity because stable expression of Bmf resulted in only a moderate increase in death of attached cells (data not shown), but sensitized cells to anoikis (SI Fig. 7B Upper) .
Evidence from the in vitro studies reported here, in particular the data demonstrating that down-regulation of Bmf suppresses anoikis and luminal cell death and promotes anchorageindependent growth and that Bmf is targeted by oncogenes, strongly supports a function for Bmf as an epithelial tumor suppressor. Our results from analyses of the role of Bmf and Bim suggest that they are more potent inhibitors than other BH3-only proteins, i.e., Bad or Bid, of transformation in mammary epithelial cells under conditions of matrix deprivation. Similarly, a recent report has demonstrated that Bim functions as a tumor suppressor in epithelial solid tumors (28) . Bmf is located on chromosome 15q14, a site frequently lost in metastatic breast, lung, and colon carcinoma (29) . Our studies raise the possibility that deletion of Bmf would allow survival of tumor cells deprived of matrix interactions outside their natural ''niche.'' Our data also suggest that Bmf may be a critical mediator of apoptosis during mammary gland involution. Recent in vivo studies from our laboratory, in agreement with previously published MCF-10A in vitro data (16) , have demonstrated a crucial role for Bim in mammary ductal morphogenesis during pubertal development (5) . Thus, one may speculate that functions of Bmf and Bim overlap in MCF-10A cells, but show more specific involvement in different developmental stages in vivo; however, their roles in apoptotic clearance of cells may involve deprivation of matrix and growth factor signaling under both conditions. Differences may be explained by the increased complexity of cell populations and stromal environment in vivo.
Interestingly, in addition to revealing transcriptional regulation of Bmf during anoikis and lumen formation, our microarray analysis also identified additional genes that are up-regulated during these processes (SI Fig. 5 B and C) . For example, the induction of cytokeratins 1 and 10 suggests the presence of a squamous differentiation program in response to matrix detachment. Indeed, parallel studies from our laboratory have identified such a process during mammary morphogenesis in vivo (5) . Definition of the functional role and regulation of other identified candidate genes, similar to our Bmf studies, will further contribute to understanding ECM regulation of cell survival.
Materials and Methods
Cell Culture, Virus Production, and shRNA/Stable RNA Interference.
MCF-10A and HMECtert cells were cultured as described (15, 30) . MCF-10Ϫ2A, MCF-12A, and PWR-1E cells were obtained from American Type Culture Collection (Manassas, VA) and cultured according to their guidelines. MCF-10A cells expressing Bcl-2, HPV16 E7, RAS V12 , NeuN, MEK2 DD , and PI3K
E545K
have been described previously (17, 19, 20, 31) . The pLNCXbased retroviral vector encoding myr-Akt1 was generated from a plasmid obtained from P. Tsichlis (New England Medical Center, Tufts University, Boston, MA). Retroviral (pMKO.1puro) or lentiviral (pLKO.1puro) (32) vectors encoding shRNA sequences were used to down-regulate specific BH3-only factors. shRNA sequences for Bim, Bmf, Bad, and Bid vectors are listed in SI Materials and Methods. VSV-Gpseudotyped retro-and lentiviruses were generated, and MCF-10A lines were infected and selected as described (15, 33) .
Anoikis/Cell Death Assays. For anoikis assays, cells were plated on tissue culture plates pretreated with polyHEMA and analyzed for DNA fragmentation by using the Cell Death Detection ELISA kit (Roche Diagnostics, Mannheim, Germany) as described (30) . MCF-10A monolayer cultures were treated with 0.5 M STS (Sigma-Aldrich, St. Louis, MO), 1 g/ml FasAb (Upstate Biotechnology, Lake Placid, NY), and 45-sec exposure of UV light [UV-C (254 nm) 30-W bulb], and DNA fragmentation was assayed by flow-cytometric determination of subG 1 content as described (30) . All cell death assays were performed in at least three independent experiments.
3D Morphogenesis Assays. Cells were cultured in growth factorreduced and reconstituted basement membrane (Matrigel; BD Biosciences, San Jose, CA) and processed for EtBr staining or indirect immunof luorescence/confocal microscopy as described (15) .
RT-PCR/Real-Time RT-PCR. Total RNA was isolated in two steps by using RNA STAT-60 (Tel-Test, Friendswood, TX) and the RNeasy MinElute Cleanup Kit (QIAGEN, Valencia, CA). RT-PCR was performed by using 50-100 ng of RNA with the SuperScript One-Step RT-PCR/Platinum Taq system (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Amplification products were visualized by agarose gel electrophoresis. Real-time RT-PCR was performed as described (34) by using 60 ng of RNA with SYBR Green PCR Master Mix, MultiScribe Reverse Transcriptase, and the ABI PRISM 7700 sequence-detection system (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. Amplification of specific targets was verified by dissociation curve analysis. Sequences of primer pairs for RT-PCR analysis are listed in SI Materials and Methods. All real-time RT-PCR assays were performed in duplicate in at least three independent experiments.
Soft-Agar Assays. Cells were grown in soft agar and fed as described (30) . Colonies Ͼ50 m in diameter were scored as positive for growth after 5 weeks. All assays were conducted in duplicate in at least three independent experiments.
In Situ Hybridization. All experiments with mice were performed according to the guidelines of the Institutional Animal Care and Use Committee of Harvard Medical School. Paraffin-embedded samples of mammary gland specimens derived from C57BL/6 wild-type mice were prepared and processed as described (5) . In situ hybridization to tissue sections was performed as described (35) . For additional details, see SI Materials and Methods.
